ABSTRACT:
The Escherichia coli periplasmic proteins CusF and CusB, as part of the CusCFBA efflux system, aid in the resistance of elevated levels of copper and silver by direct metal transfer between the metallochaperone CusF and the membrane fusion protein CusB before metal extrusion from the periplasm to the extracellular space. Although previous in vitro experiments have demonstrated highly specific interactions between CusF and CusB that are crucial for metal transfer to occur, the structural details of the interaction have not been determined. Here, the interactions between CusF and CusB are mapped through nuclear magnetic resonance (NMR) spectroscopy and chemical crosslinking coupled with high-resolution mass spectrometry to better understand how recognition and metal transfer occur between these proteins. The NMR 1 H- 15 N correlation spectra reveal that CusB interacts with the metal-binding face of CusF. In vitro chemical crosslinking with a 7.7 Å homobifunctional amine-reactive cross-linker, BS 2 G, was used to capture the CusF/CusB interaction site, and mass spectral data acquired on an LTQ-Orbitrap confirm the following two cross-links: CusF K31 to CusB K29 and CusF K58 to CusB K32, thus revealing that the N-terminal region of CusB interacts with the metal-binding face of CusF. The proteins transiently interact in a metal-dependent fashion, and contacts between CusF and CusB are localized to regions near their respective metal-binding sites.
Biochemistry ARTICLE chaperone systems, [13] [14] [15] though it is structurally unrelated to other characterized copper chaperones. 12 Previous isothermal titration calorimetry (ITC) experiments demonstrated highly specific interactions between CusF and CusB. Furthermore, these interactions only take place when one of the proteins is bound to metal, and no interaction is observed when the proteins are either both in the apo state or both in the metal-bound state. This result suggests that the metal sites are important for promoting the interaction between CusF and CusB. As evidence for the role of CusF as a metallochaperone for CusB, experiments have shown that CusF directly transfers metal to CusB. 16 In vitro, metal transfer occurs in both directions regardless of which protein was initially bound to metal, and metal is distributed approximately equally between the two proteins when CusF and CusB are at equimolar concentrations. 16 This distribution in vitro is a reflection of the similar metal-binding affinities of these two proteins. 8, 10 The interaction between CusF and CusB is critical for direct metal transfer to occur, though the structural details of the interaction are not yet understood. In this report, results of experiments designed to probe the molecular details of the interaction between CusF and CusB are described. First, NMR spectroscopy is used to identify CusF residues affected by interactions with CusB. Resonance positions are a result of the local environment of each nucleus influenced by both covalent and noncovalent interactions; thus, CusF residues involved in interaction with CusB can be mapped through analysis of chemical shift perturbations. 17 Chemical cross-linking coupled to mass spectrometry is a very powerful tool for determining protein-protein interactions and is used in the present work to identify the region of CusB involved in the CusF/CusB interaction site. Cross-linking captures proteins interacting in their native/dynamic state and can resolve interaction sites down to the peptide/amino acid level. When coupled to mass spectrometry, this technique has advantages over other structural techniques such as NMR and X-ray crystallography in that it requires very low concentrations of protein and is unlimited by protein size. 18 The results of these experiments demonstrate a specific interaction between the proteins in a region that involves each protein's metal-binding site.
' MATERIALS AND METHODS
Cell Growth and Protein Purification. For preparation of uniformly 15 N-labeled CusF, E. coli BL21-(λDE3) containing cusF in pASK-IBA3 was grown in M9 minimal media 19 containing 1.0 g/L 15 NH 4 Cl (Cambridge Isotopes Laboratories) as the sole source of nitrogen. Cells were grown in 20 mL of lysogeny broth (LB) media overnight, then centrifuged and transferred to 1 L of M9 media and grown at 37°C until they reached an OD 600 of 0.6-1.0, and then induced with 200 μg/L anhydrotetracycline (AHT). Growth was continued at 30°C for 8-10 h. For the uniform 15 N-, 13 C-, and 2 H-labeled sample, the procedure was slightly modified. From the glycerol stock of cells maintained at -80°C, 3.0 mL of LB media was inoculated. Cells were grown for approximately 3 h at 37°C after which they were transferred to 50 mL of M9 media made in H 2 O and containing 0. 15 H]-CusF mixed with apo-CusB in a ratio of 1:1. The resonances were assigned by following the sequential connectivities in the HNCA spectrum. Of the 88 residues in CusF, the four proline residues and five N-terminal residues have not been assigned, in addition to I39, G76, and N77, which are not observed in either the Ag(I)-bound 8 To determine the fraction of CusF and CusB in association under NMR conditions, the spin-lattice (T 1 ) and spin-spin ( An approximation for the fraction of protein bound under NMR conditions and the protein-protein dissociation constant was obtained through the following procedure. From experimental average rotational correlation times (τ m ), adjusted for thermal and viscosity effects, from proteins ranging from 35 to 82 kDa, [26] [27] [28] [29] [30] [31] [32] an estimate for the average rotational correlation time per kDa of protein was calculated as 0.55 ns/kDa at 25°C. The τ m curve as a function of molecular mass is roughly linear in this range with near-zero intercept. Based on this value, the τ m for a 54 kDa protein (CusF is ∼10 kDa and CusB is ∼44 kDa) is roughly 30 ns. Using this value and an order parameter of 0.86, a 1/T 1 value of 0.41 s -1 and a 1/T 2 value of 35.6 s -1 on a 600 MHz spectrometer were obtained. The assumptions in this simplistic approach are (i) fast exchange between the free and bound states for the observable resonances, (ii) isotropic molecular rotational diffusion, and (iii) similar order parameters in the free and bound proteins and negligible contributions to relaxation from terms related to fast internal motion correlation times. The fraction bound was determined by utilizing the equation: 33, 34 ð1=TÞ obs ¼ ð1 -f Þð1=TÞ free þ f ð1=TÞ bound where f is the fraction bound, (1/T) obs is the observed relaxation rate for Ag(I)-[ 15 N]-CusF alone, (1/T) bound is the estimated rate for a 54 kDa protein, and T is either T 1 or T 2 . The dissociation constant (K D ) of the complex was estimated using a single binding site model. 34 The reported fraction bound value is the average from a set of residues whose extracted fraction bound values from T 1 and T 2 agree within 20% of each other. This criterion ensures only simultaneous changes in both T 1 and T 2 due to the same molecular mass increase are included in the results, removing complications from other contributing factors.
Chemical Cross-Linking Materials, Reaction, and Digestion. An overview of the cross-linking strategy is provided in Figure 1 . Cross-linking reagent BS 2 G-d 0 (bis(sulfosuccinimidyl)glutarated 0 ) was purchased from Pierce (Rockford, IL). Sequencing-grade trypsin and all other chemicals were purchased from Sigma-Aldrich unless otherwise stated. Micro Bio-Spin chromatography columns were purchased from Bio-Rad (Hercules, CA). UltraMicro Spin C18 cartridges were purchased from the Nest Group (Southborough, MA).
For the cross-linking reactions, Ag(I)-CusF and apo-CusB were mixed in a 1:1 molar ratio (10 μM final concentration each) in 40 mM MOPS buffer, pH 7.0. The homobifunctional crosslinking reagent BS 2 G-d 0 was prepared as a stock solution (50 mM) in DMSO shortly prior to addition. BS 2 G-d 0 was added immediately upon protein mixing with a final concentration of 500 μM (50-fold molar excess of protein concentration) with a final reaction volume of 100 μL. The reaction was carried out at room temperature for 30 min and was quenched upon addition of NH 4 HCO 3 (20 mM final concentration). A small portion (12 μL) of the reaction mixture was saved for crosslinked product verification with one-dimensional SDS-PAGE (4-20% gradient gel) and silver staining. The remaining reaction mixture was buffer exchanged into 25 mM NH 4 HCO 3 and dried to 1 mg/mL protein concentration in a Speed Vac. The cross-linked sample was denatured with 6 M urea, diluted, and digested with trypsin (50:1 ratio of protein:trypsin) overnight at 37°C. Prior to MS analysis, the cross-linked sample was desalted using a mini C18 column.
Nano-HPLC, Mass Spectrometry, and Data Analysis. The digested peptide sample was analyzed on a hybrid linear ion trapOrbitrap instrument, the LTQ-Orbitrap (Thermo Fisher, San Jose, CA). Peptides were ionized by electrospray ionization in positive ion mode. The LTQ-Orbitrap mass spectrometer was coupled to a nanoflow HPLC system (NanoAcquity; Waters Corp., Milford, MA) equipped with a 100 μm i. Approximately 0.5 μg of the peptide digest was injected onto the precolumn at a flow of 4 μL/min in water/acetonitrile (95/5) with 0.1% (v/v) formic acid and eluted with an acetonitrile gradient with a flow of 250 nL/min. The mobile phase consisted of (A) water/acetonitrile (95/5) and 0.1% formic acid and (B) acetonitrile and 0.1% formic acid. A linear HPLC gradient was applied, as previously described. 35 MS survey scans were acquired in the Orbitrap over a m/z range of 400-2000, a resolution of 60000 (m/z 400), and an ion population of 5 Â 10 5 . For tandem MS scans in the Orbitrap, the precursor isolation width was set to 4 m/z units, resolution to 7500, and an ion population of 2 Â 10 5 . Collision induced dissociation (CID) was performed in the LTQ with collision energy of 40%. The five most abundant peaks in an MS survey scan were selected for tandem MS using the data-dependent scanning mode. The data-dependent selection was set up to reject all unassigned, singly, doubly, and triply charged precursors (as cross-linked peptides often have a charge state of 4 or higher, e.g., two amino termini and two basic C-terminal residues from tryptic cleavage). Dynamic exclusion was used to minimize data redundancy by excluding previously selected precursor ions (-0.1/þ1.1 Da) for 45 s after they have been fragmented once.
Tandem mass spectra were converted into peaklists (.dta files), deconvoluted, and searched by the open-modification pipeline as described previously. 35 Briefly, Phenyx was used to identify and filter out the spectra originating from linear peptides, and the unidentified spectra were searched with the ' RESULTS CusB and CusF Interact Only in the Presence of Metal. CusF and CusB interact specifically in a metal-dependent manner, and metal transfer can occur between the two proteins. 16 To gather further information on the interactions of these proteins, NMR 1 H-15 N correlation (HSQC) spectra were collected on samples of isotopically labeled CusF in the presence of unlabeled CusB (Supporting Information Figure 1a-d) . In agreement with the previously published results from isothermal titration calorimetry data, 16 the NMR spectra showed chemical shift changes indicative of an interaction only when either one protein or the other is bound to metal (Supporting Information Figure 1a,b) but not in the absence of metal (Supporting Information Figure 1c) or when both proteins are in the Ag(I)-bound state (Supporting Information Figure 1d) . Furthermore, similar spectra of CusF are obtained regardless of which protein was initially bound to metal (Supporting Information Figure 1e ), supporting the previous finding that metal transfer can occur from either protein to the other and that an approximately equal distribution of metal occurs when the proteins are in equimolar amounts. 16 Control spectra of CusF taken in the presence of bovine serum albumin or the E. coli periplasmic multicopper oxidase CueO in the presence of Ag(I) show no chemical shift changes indicative of a specific interaction (data not shown). 
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The CusB Interaction Face on CusF. The residues of CusF that interact with CusB were identified from NMR experiments. 1 H-15 N correlation spectra were collected of Ag-(I)-2 H/ 15 N/ 13 C-CusF mixed with apo-CusB at an equimolar concentration, hereafter referred to as the CusF/CusB/Ag(I) sample, though note that only CusF is isotopically labeled. A comparison of the spectra acquired for CusF/CusB/Ag(I) and either apo-CusF or Ag(I)-CusF shows that significant changes have occurred. Because of metal redistribution between the two proteins, the CusF/CusB/Ag(I) spectrum reflects a spectrum in which half of the CusF proteins are bound to metal, plus additional spectral effects from the interaction of CusF with CusB. In order to interpret the chemical shift effects from CusB, the resonances in the CusF/CusB/Ag(I) spectrum were assigned as described in Materials and Methods and then compared to the spectrum of CusF with a half-stoichiometric equivalent of Ag(I) (Figure 2 ). From this comparison, the CusF residues that were most significantly affected by the addition of CusB are L80, V42, N71, Q74, K31, S79, H35, T54, and T52, in decreasing order of effect. The resonances of seven residues, I32, H36, M47, T48, R50, F51, and Q75, were not observed due to line broadening, which also indicates an effect at these residues though the magnitude of the effect cannot be determined. The CusFbinding site of CusB could not be obtained by NMR experiments, since CusB spectra of sufficient quality could not be acquired. Therefore, chemical cross-linking coupled with mass spectrometry was used to obtain further information regarding the interaction.
The Interaction Site of CusF and CusB. The general strategy for determining the interaction site of CusF and CusB by chemical cross-linking mass spectrometry is illustrated in Figure 1 . A 7.7 Å homobifunctional amine-reactive cross-linker, BS 2 G, was used to capture the metal-dependent interaction. No cross-linking between CusF and CusB was observed in the presence of cross-linker when both proteins were in their apo form. This is consistent with the NMR data above that show no evidence of an interaction in the absence of metal. However, when either CusF or CusB was metal-bound and the other protein was in the apo state, cross-linked products were observed on silver-stained SDS-PAGE gels at a position consistent with the sum of molecular masses of CusF and CusB (Supporting Information Figure 2) .
Following tryptic digestion of the cross-linked sample and LC-MS/MS data acquisition on an LTQ-Orbitrap, two CusF/CusB cross-linked products were identified using the open-modification pipeline. The mass to charge ratios of both cross-linked product precursor ions were within 20 ppm of the theoretical masses ( Table 1 ). The first cross-link that was identified consisted of peptides with residues 51-63 of CusF and residues 30-43 of CusB. The second cross-linked product consisted of residues 31-50 of CusF and residues 27-55 of CusB. To further confirm the identity of the cross-linked products, fragment ions were assigned in the MS/MS spectra of the precursor ions (shown for the first cross-linked product in Figure 3 and the second cross-linked product in Supporting Information Figure  3 ) using General Protein Mass Analysis for Windows (GPMAW) (Lighthouse Data, Odense, Denmark). Based on the MS/MS fragmentation, the cross-linking positions were identified as CusF K58 and CusB K32 in the first product and CusF K31 and CusB K29 in the second product.
Overlapping regions of CusB were identified in the two crosslinked products, while adjacent peptides of CusF were identified. In each cross-linked product, distinct lysine residues from both CusF and CusB peptides were involved in forming the crosslinks. The peptides of CusB belong to the N-terminal region of the protein, which was previously identified as the metal-binding region. 10 One of the peptides of CusF contains the previously determined metal-binding residues (H36, M47, M49), 9, 12 and the other peptide is adjacent in sequence to this region. Based on the crystal structure of CusF, 12 lysine residues CusF K31 and CusF K58, which participate in the two cross-linked products, are 13.79 Å apart (distance measured between R-carbons).
The Interaction of CusF and CusB Is Transient. The HSQC NMR spectra of CusF do not show appreciable uniform linebroadening effects when CusB is added (Supporting Information Figure 1a,b) , suggesting that CusF and CusB form a transient complex. If a stable complex were formed, broadening of the line widths in the spectra of CusF/CusB (∼50 kD) would be expected compared to the spectrum of CusF alone (∼10 kD). However, the effects of the CusF/CusB interaction are apparent from the NMR relaxation data for CusF/CusB/Ag(I) when compared to Ag(I)-CusF alone. Biochemistry ARTICLE CusF/CusB/Ag(I) is 50 ms, while the average T 2 value for Ag(I)-CusF alone is 110 ms. An estimate of the fraction of CusF/CusB complex that is formed under these conditions was obtained from the difference between the observed relaxation times for the CusF/CusB/Ag(I) sample and that for a 54 kD molecule, as described in Materials and Methods. These calculations, using both the T 1 and T 2 data, suggest that approximately 38% of the CusF in the sample is in complex with CusB, corresponding to a dissociation constant of approximately 160 μM.
' DISCUSSION CusF/CusB Interaction Is Metal-Dependent and Transient. Results from both NMR and chemical cross-linking coupled with mass spectrometry demonstrate that the interaction between CusF and CusB is metal-dependent, consistent with previous ITC and EXAFS results. 16 The HSQC spectrum of apo-CusF mixed 1:1 with apo-CusB showed no change in the chemical shifts when compared with the spectrum of apo-CusF alone, indicating no interaction in the absence of metal. The HSQC spectra for apo-CusF mixed 1:1 with Ag(I)-CusB and apo-CusB mixed 1:1 with Ag(I)-CusF showed significant changes compared to the spectra of CusF alone, indicating that the two proteins interact in the presence of metal. The similarity of these spectra clearly points to an identical interaction between the two proteins regardless of which one contained metal before mixing with the apo form of the other.
NMR spectra also demonstrate that the interaction between CusF and CusB is transient. The NMR relaxation results for CusF/CusB/Ag(I) indicate that approximately 38% of CusF is involved in a complex with CusB corresponding to a dissociation constant of approximately 160 μM. In the cell, the Cus system is expected to work by transferring metal first from CusF to CusB, and it has been recently suggested that CusB may transfer metal to CusA. 36 Through transfer of metal from CusB to CusA, metal transfer from CusB to CusF (the reverse direction) may be limited, thus allowing the system to function effectively as an export system. 16 The relatively weak binding measured here between CusF and CusB is likely sufficient in the organism to allow transfer of metal between proteins while limiting metal transfer in the reverse direction. Weak association of metallochaperones and their targets is likely a general feature among these systems.
37-39
CusB Interacts with CusF in the Metal-Binding Region. The CusB interaction face on CusF, as identified by the chemical shift perturbations listed above, is in the same region of the protein that contains the metal-binding site. This region consists primarily of one end of the β-barrel and residues extending down the side ( Figure 5 ). It is intuitive that CusB would interact with CusF in this region because metal is necessary for the interaction. Other proteins that share the same fold as CusF, the OB fold, primarily use the face of the β-barrel for interactions rather than the end. 40 A close look at the residues in CusF affected by CusB binding reveals that three-fourths of these residues are either basic, aromatic, or polar uncharged. It is thus plausible that CusF interacts with CusB via electrostatic/hydrophilic interactions. This interaction is highly specific, as evidenced by the failure of SilF, a close homologue of CusF (51% sequence identity), to interact with CusB. 16 To analyze the nature of this specificity, the sequences of SilF and CusF were examined for differences in the CusB binding residues. Of the CusF residues most affected by CusB interactions, the corresponding residues in SilF are conserved in all but three positions, 35, 54, and 71 (using CusF numbering). At position 71, the residues of CusF and SilF still have somewhat similar properties, with a serine in SilF and an asparagine in CusF. However, at the other two positions, there are significant differences between the two proteins in the properties of the residues. SilF has a serine in place of H35 and a valine in place of T54. These two residues (H35 and T54) are most likely involved in specific electrostatic/hydrophilic interactions with CusB, and their differences in charge or polarity with the corresponding SilF residues could explain why SilF fails to interact with CusB. Electrostatic interactions have been previously shown to be the prime recognition feature in other copper chaperone/acceptor systems like Atx1-Ccc2 41, 42 and Cox17-Sco1. 43 Interaction Site of CusF and CusB. Chemical cross-linking coupled with mass spectrometry was used to identify the interaction site of CusF/CusB during metal transfer in vitro. These results are consistent with the NMR results demonstrating that CusB interacts with the metal-binding face of CusF; however, NMR was unable to determine the region of CusB involved in the protein-protein interaction. Chemical cross-linking coupled with mass spectrometry was able to further resolve the Biochemistry ARTICLE interaction site between CusF and CusB by determining that peptides from the N-terminal region of CusB cross-link with CusF. Previous results from our laboratory have determined that CusB binds metal in a three-coordinate system with conserved residues M21, M36, and M38. 10 Two of these residues (M36 and M38) are included in both peptides (27-55 and 30-43) involved in cross-links with CusF. The third methionine (M21) is adjacent to this region. These cross-linked peptides identify the N-terminal metal-binding region of CusB as interacting with CusF. This N-terminal region of CusB (residues 1-61, using the numbering without the leader sequence) is missing from the previously determined crystal structure, 11 and this region is predicted to be mostly disordered. Though alternative CusB metal-binding sites outside of the N-terminal region have been proposed, 11 the residues composing these sites are not conserved, and mutagenesis of the individual methionines in these proposed sites does not affect functionality (Kim, Rensing, and McEvoy, unpublished results). The cross-linking data reported here further support the identification of the N-terminal M21, M36, and M38 site as the physiologically relevant metalbinding site of CusB that interacts with CusF. This region of CusB could potentially prove to be the entry point of metal into the CusCBA efflux system.
The two peptides of CusF found cross-linked to CusB are adjacent to one another (31-50 and 51-63). CusF also uses a three-coordinate system for metal binding, residues H36, M47, and M49. 12 All three of these residues are present in one of the cross-linked peptides, CusF [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . The other CusF peptide involved in cross-linking is adjacent to the first, with the lysine residues involved in both cross-links in close proximity to each other (∼14 Å). Of the 16 CusF residues from the NMR results that experienced significant chemical shift changes or were broadened beyond detection, 11 are included in the CusF peptides involved in cross-linking with CusB.
Together, these results demonstrate that the interaction between the periplasmic proteins, CusF and CusB, is a transient, metal-dependent interaction that occurs at the metal-binding regions of both proteins. This interaction may mark the initial entry point for metals into the Cus complex, ultimately driving the selectivity for Cu(I)/Ag(I) ions.
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